Mastigonemes (Flimmer) from the sperm of Ascophyllum and Fucus were found to consist of a tripartite structure-a ca. 2000-A tapered basal region, a closed microtubular shaft, and a group of terminal filaments. Each of these regions appears to be constructed of globular subunits with a center-to-center distance of about 45 A. The mastigoneme microtubule is of smaller diameter (170-190 A) than cytoplasmic microtubules in these or other plant cells. During the initial stages of flagellar ontogeny, structures similar to mastigonemes (presumptive mastigonemes) are found within membrane-limited sacs in the cytoplasm or within the perinuclear space. Mastigonemes at this time are generally not found on the flagellar surface. Later, when the anterior flagellum acquires mastigonemes, the presumptive mastigonemes are absent from the cytoplasm. The regularity of attachment of mastigonemes to the flagellar surface suggests that specific attachment sites are constructed on the plasma membrane during flagellar ontogeny. No evidence for penetration of the mastigoneme through the plasma membrane was obtained. The origin and structure of mastigonemes are discussed in relation to reports of the origin and structure of other microtubular systems.
Fine hairlike appendages termed mastigonemes (Deflandre, 1934) or Flimmer (Fischer, 1894) extend from the surface of flagella in a variety of motile cells. Their precise function is unknown, but in some organisms a correlation can be made between the presence of flagellar hairs and the ability to locomote in the same direction as (or in sessile cells propel the medium in the opposite direction to) wave propagation along the flagellum. As graphically visualized by Sleigh (1964) , mastigonemes are "oars projecting from the flagellar shaft which row water towards the flagellum base as the crests of the waves bending move up the flagellum."
Although too small to be detected directly with brightfield optics, mastigonemes were first demonstrated by mordanting and darkfield techniques (Loeffler, 1889) , and their presence was later confirmed by electron microscopy-particularly by Manton and coworkers (cf Manton, 1952, for historical review) . Despite the efforts of these early workers, neither the mechanism by which these hairs are produced during flagellar ontogeny, nor the structure and exact relationship of mastigonemes to the rest of the flagellar apparatus has been fully clarified. Some workers (Manton, 1959; Bradley, 1966) believe that mastigonemes are attached directly to the axoneme, while others (Pitelka and Schooley, 1955; Brown and Cox, 1954) report that they originate from the flagellar sheath. Unfortunately, resolution of these differing points of view has been hindered in many cells by difficulty in retaining hairs during routine fixing and embedding procedures (Afzelius, 1961) . However, during gametogenesis in brown algae the mastigonemes persist on the flagellum even after preparation for thin sectioning probably because maturation occurs in an enclosed antheridial sac. Utilizing both sections of antheridia and negatively stained mature sperm (antherozoids), it is demonstrated in the present report that mastigonemes are complex "microtubular" structures. The developmental sequence in these plants further suggests that mastigonemes may be first assembled within the nuclear envelope, and that they are later released from the cell and superficially attached after the flagellum appears to be otherwise fully formed.
MATERIALS AND METHODS

Receptacles of Fucus vesiculosus, Fucus spiralis, and
Ascophyllum nodosum were sliced and immersed for 2 hr at room temperature in 6% glutaraldehyde solution (Fisher, biological grade) or glutaraldehyde-paraformaldehyde (Karnovsky, 1965 ) buffered with 0.1 or 0.4 M sodium phosphate at pH 7.0 (Sabatini, Bensch, and Barrnett, 1963 ). This treatment was followed by four rapid buffer rinses and postfixation in cold, sodium phosphate-buffered osmium tetroxide. Dehydration in acetone and infiltration in Epon were performed as previously described, the propylene oxide intermediate step being omitted (Bouck, 1965) . Before final embedding, receptacles were further dissected to remove portions of antheridia-containing conceptacles. Sections of hardened blocks were cut with a Dupont diamond knife on a MTI1 Servall ultramicrotome, and the sections were mounted on carbon-stabilized, parlodion-coated copper grids. Freshly prepared 5% uranyl acetate in 50% ethyl alcohol (Watson, 1958) and lead citrate (Reynolds, 1963) were used for increasing tissue contrast before examination.
For negative staining, whole flagella or partially purified mastigonemes (see below) were "fixed" and stained with 1 % uranyl acetate (Huxley, 1963) as follows: suspensions of sperm, shed by overnight drying at 15 0 C followed by immersion in natural seawater, were initially centrifuged at 1000 g for 1 min so as to remove intact antheridia. Sperm were pelleted by centrifugation at 9,000 rpm (10,000 g) in a Servall SS34 rotor for 5 min, and resuspended in 0.5 M KCI. Sperm motility was retained after these treatments. A small drop of this sperm suspension was transferred directly to a carbon-stabilized, parlodion-coated copper grid and diluted with a drop of 1% uranyl acetate. After 2 min most of the stain was removed by blotting with filter paper, and a second drop of 1% uranyl acetate was added for 2 additional min. Most of the uranyl acetate was removed by blotting, and the grid dried at room temperature. Partial purification and isolation of mastigonemes from the flagellum was accomplished by gentle sonication (5 sec at lowest setting of a Branson sonifier equipped with a micro tip) of 1 ml of the 0.5 M KCI resuspended sperm. The sonicated cells were then layered over 25% sucrose in 0.5 M KCI in a 15-ml centrifuge tube and spun at 2,200 rpm for 30 min in a Spinco SW25 rotor (cf Shelanski and Taylor, 1967) in order to remove most of the intact cells and cell debris. The upper layer was then removed, resuspended in enough 0.5 M KCI to bring the total volume to 4.5 ml, and pelleted by centrifugation at 10,000 rpm for 10 min in a Spinco SW39 rotor. Negative staining of the resuspended pellet showed an abundance of free mastigonemes, although some cell debris was present as well.
The material was observed and photographed with a JEM 6C electron microscope operating at an accelerating voltage of 50 kv. Microscope calibrations were made with a replica of a diffraction grating (E. F. Fullam, Inc., Schenectady, N. Y.).
RESULTS
Antheridial Maturation
Spermatogenesis in Ascophyllum nodosum, Fucus vesiculosus, and Fucus spiralis appears to be essentially similar, so that no distinction among species is made in the following account except where specifically noted. Only the later stages of spermatogenesis are considered here.
Flagellar initiation and development during spermatogenesis occurs at about the time the multinucleate cytoplasm of the antheridium undergoes partitioning into individual cells. At this time, several developmental events seem to occur almost simultaneously: (I) The eyespot granules appear within the chloroplast. (2) The cytoplasmic microtubular system is elaborated. This system ultimately consists of a microtubular belt which extends through the anterior proboscus and encompasses much of the rest of the cell (Manton and Clarke, 1956) . (3) Both flagella extend. Although the sperm is ultimately laterally biflagellate with the two basal bodies opposed nearly at 1800 to each other (Manton and Clarke, 1956) , the basal regions of the developing flagella initially occupy a tunnel-shaped depression and are attached to two nearly parallel basal bodies (Fig. 1) . At this stage in antheridial maturation, neither flagellum has mastigonemes. Nonetheless, in favorable sections the anterior, ultimately mastigoneme-containing flagellum can be distinguished by its distal position relative to the eyespot ( Fig. I ; Manton and Clarke, 1956) . (4) Membrane-limited sacs containing small microtubules appear in the cytoplasm. These sacs can be distinguished from the Golgi-derived sacs containing tubules, since the Golgi tubules are of nonuniform dimensions and tortuous appearance (see also Manton, 1967 ). The membrane-limited sacs containing microtubules of uniform diameter are either free in the cytoplasm or, as seen in some sections of F. vesiculosus, they are continuous with the perinuclear space (the region between the two membranes of the nuclear envelope, e.g., Watson, 1955) . The relative infrequency of their continuity with the perinuclear space would suggest that the sacs are blebbed off from the nuclear envelope and enter the surrounding cytoplasm (Figs. 3 a-3 c, 4, 5). The microtubules occupying the sac are smaller in diameter (175-190 A) than cytoplasmic or flagellar microtubules (250-270 A, e.g., Porter, 1966) . They consist, however, of a similar electronopaque rim and a relatively electron-transparent core (Fig. 6 ). In longitudinal sections, these microtubules appear nearly straight or gently curved. The disposition and relative sizes of three structurally distinct kinds of microtubules can be seen in Fig. 2 . The microtubules in the cytoplasmic band are aligned in a row, and at this developmental period are often associated with a membranelimited cisterna, presumably endoplasmic reticulum (ER). The microtubules of the flagellar axoneme and the microtubules of the cytoplasmic band are similar in diameter, but the latter have denser rims (Manton, 1964) ; the sac-confined microtubules are smaller in diameter than the other two kinds of microtubules.
In the later stages when mastigonemes are observed attached to the anterior flagellum, the small microtubules can no longer be identified within cytoplasmic sacs. Mastigonemes are not acquired simultaneously by the flagella of every cell in the antheridium, but when they are present on the flagellum of any given cell, the sac-confined microtubules previously seen within the cytoplasm are generally absent. Unlike the mastigonemes which have been reported as forming two oppositely placed rows in dried, mature sperm of Fucus (Manton and Clarke, 1950) , mastigonemes of the antheridial cells form a continuous belt of evenly spaced elements covering about one-third of the flagellar circumference. These mastigonemes are attached singly, superficially, nearly equidistant from one another, and are arranged in several more or less regular helical rows .
It is clear from sectioned material that the mastigoneme consists of two distinct regions: a tapering base, about 2,000 A long, of indefinite structure; and a microtubular portion extending from the base (Fig. 8) . The base appears to be attached to the outer electron-opaque layer of the plasma membrane which envelops the flagellum (Fig. 9) , and the point of attachment seems to be less than the width of the plasma membrane itself (i.e., <70 A). The distal portion of the mastigoneme base is broader than the proximal portion, and there is some suggestion (Fig. 8 ) that fine fibrous connections exist between adjacent bases. The basal region does not appear to be tubular in cross-section (Fig. 7) .
The Mature Sperm
The structural details of the mature sperm of Fucus have been reported previously by Manton and Clarke (1956) . However, mastigonemes were not well preserved in sectioned material in their study, nor was it possible to retain them in sections of mature sperm by the use of the technical procedures of this report. However, considerable additional details of mastigoneme structure have been obtained by the use of negative staining. Three distinct regions can be recognized by negative (A) A tapering base about 0.2-0.3 p/ in length consists of globular subunits. While apparently not previously reported, a suggestion of a similar differentiated region of the mastigoneme can be seen in an early micrograph of Ochromonas published by Manton (1952) and in Bradley's (1966) report of a 2000-A attachment region in several Chrysomonads. The base appears strikingly similar to the supposed RNA-containing attachment region of some bacterial flagella (Lowy, 1965; Martinez, 1963) , but does not appear to have a regular distribution of subunits. Even after sonication, the tapered end of the base seems to stick tenaciously to fragments of the flagellar membrane. However, the point of attachment is small (Fig. 12) , in agreement with the image of sectioned hairs (Fig. 9) . The base region increases in thickness distally to a diameter greater than 300 A, and then narrows again just before its attachment to the microtubular region. Each base appears to be separate from its neighbor.
(B) The microtubular region consists of a stainfilled lumen surrounded by longitudinal rows of globular-like subunits. The distal portion of this microtubular region is closed over, while the proximal portion is slightly restricted before adjoining the wider, upper portion of the base. Evidence of a cylindrical mastigoneme was obtained from earlier studies of Chrysomonads, although no suggestion of three spiral bands surrounding a central core (Bradley, 1966) was found in the present study. Except for having a smaller diameter (ca. 200 A), this portion of the hair appears like the negatively stained microtubules of cytoplasmic or flagellar origin (Pease, 1963; Andr6 and Thiery, 1963; Gall, 1966) . What appear to be globular subunits in longitudinal rows can be seen in some preparations (Figs. 11 b and 13) . These subunits have a center-
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THE JOURNAL OF CELL BIOLOGY -VOLUME 40, 1969 FIGURES 3-5 Portions of the differentiating antheridial mass of F. vesiculosus. In these cells, the nuclear envelope is dilated and the expanded perinuclear space (PN) contains presumptive mastigoneme microtubules (M 1 ). In Fig. 4 , the outer (single arrow) and inner (double arrow) membranes of the nuclear envelope can be seen. N, nucleus. to-center spacing of about 45 A in any single row, while subunits of adjacent rows are displaced from one another to form a helical pitch of about 10° (  Fig. 11 b) . (C) The terminal filaments consist of a group of fine threadlike structures usually two or three in number. Indications of similar structures have been noted by previous workers (Manton, 1952; Pitelka and Schooley, 1955; Bradley, 1966) . There are often three filaments per mastigoneme, but fewer are generally found probably because of losses during preparation. One filament is usually longer than the other two, and, in some cases, it may exceed 0.45 A in length. The filament appears to consist of a single row of globular subunits like those of the microtubular region (Fig. 11 c) .
No evidence of a fuzzy layer surrounding the mastigoneme as reported by Bradley (1966) could be seen in any preparation, nor do the structures on the Euglenoid flagella described in Mignot's (1967) elegant study appear to be directly comparable to the mastigonemes of Fucus and Ascophyllum.
DISCUSSION
It would appear that during sperm maturation in brown algae the mastigonemes are assembled initially within the cytoplasm and are then transported to the site of ultimate flagellar attachment. This interpretation is based on the structural similarity of the cytoplasmic sac-confined 175-190-A microtubules (presumptive mastigonemes) and flagellar mastigonemes, and on the observation, in Fucus and Ascophyllum, that after mastigonemes are found attached to the flagellum the presumptive mastigonemes generally can no longer be identified in the cytoplasm. No evidence was obtained that mastigonemes originate directly from the flagellar surface or are assembled at the surface at the time of flagellar elongation.
Are mastigonemes typical "microtubules" or extracellular bacterial-type flagella? Typical mitotic-spindle microtubules and cytoplasmic micr-O tubules are cylinders whose walls are made up of linear arrays of globular subunits; these microtubules are undifferentiated along their length, and have a more or less uniform diameter of 230-250-A (Porter, 1966) . Biochemical analyses of typical microtubules from widely different sources (flagellar axonemes and brain microtubules) support the concept that these microtubules are basically similar in construction (Borisy and Taylor, 1967; Stevens, 1968) although, as evidenced from differential sensitivity to fixation and from direct enzymatic digestion of sections, the relative stability of different microtubules may vary (Behnke and Forer, 1967) . The microtubular portion of the mastigoneme appears to consist of linear arrays of globular subunits arranged in a cylinder, and differs from other microtubules only in its smaller diameter and perhaps in the fewer number of subunits comprising its walls. Both negatively stained and fixed, sectioned microtubules give an image consisting of thirteen subunits (Ledbetter and Porter, 1964; Ringo, 1967; Phillips, 1966) . However, by using the rationale of Lowy and Hanson (1965) that six rows of subunits visible in a surface-viewed cylinder represent ten rows in the intact structure, and by doing preliminary optical rotation studies (Markham, Frey, and Hills, 1963) , the author has made the tentative interpretation that the mastigoneme microtubule has ten rows of subunits. The bacterial flagellum has been shown by detailed analyses (Kerridge, Horne, and Glauert, 1962; Lowy and Hanson, 1965) also to consist of a cylinder composed of linear arrays of globular subunits. In Pseudomonas fluorescens, these cylinders have ten rows of subunits; in other species of bacteria, the cylinders have fewer rows. Lowy (1965) has shown as well that some bacterial flagella have FIGuREs 7-9 Sections of the anterior flagellum of Ascophyllum nodosum still within the antheridial sac but after mastigoneme attachment. In Fig. 7 , a grazing section of the flagellar surface shows the nearly equidistant spacing of mastigoneme bases and the arrangement of them in helical rows (arrows). A longitudinal section of the flagellum in Fig. 8 includes a portion of the axoneme microtubule (AM). Note absence of connections between the mastigoneme and the axoneme. Mastigonemes are seen here to have two distinct regions-a basal attached region (BR) with a suggestion of lateral interconnections (arrow), and a distal microtubular region (M). Details of the tapering base and its apparent attachment to only the outer electron-opaque layer of the plasma membrane can be seen in Fig. 9 . Figs. 7 and 8, X 98,000; Fig. 9 , X 171,000.
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FIGURE 10 Negatively stained, intact, anterior flagellum of A. nodosum. The microtubular nature of part of the mastigonemes is shown by stained-filled lumens. The basal nontubular region is always directed towards the fiagellar shaft. X 71,000.
FIGURE 11 a-c Isolated, negatively stained mastigonemes from A. nodosum. In Fig. 11 a, the basal (BR), microtubular (M), and terminal filament (TF) regions can be seen. Note adherence to remnant of the flagellar membrane (arrow). Details of the terminal filaments in Fig. 11 c illustrate the strings of globular subunits which apparently form the filaments. Two filaments appear to be intertwined in this mastigoneme. Fig. 11 b shows that the microtubular shaft after negative staining with uranyl acetate appears to consist of longitudinal rows of globular subunits with a center-to-center distance of about 45 A. The lateral displacement of adjacent rows is about 10°in this preparation. Fig. 11 a, X 106,000; Figs. 11 b and c, X 386,000. a basal region, 2,000 A in length, composed of hexagonally close-packed subunits, which is attached to the bacterial cell at one end and to the microtubular portion of the flagellum at the other end. Despite these striking similarities between the mastigoneme and the bacterial flagellum and the attractiveness of relating one to the other, the following clear differences exist: (1) The basal region of the bacterial flagellum penetrates the plasma membrane and is attached to a basal disc (van Iterson, Hoeniger, and Van Zanten, 1966) ; the mastigoneme does not penetrate the plasma membrane.
(2) The lumen of the bacterial flagellum is not accessible to stain unless broken (Lowy and Hanson, 1965) ; the mastigoneme and other intracellular microtubules readily accumulate uranyl acetate within the intact lumen. (3) No suggestion of the "typical sinusoidal appearance" of the bacterial flagellum is evident in mastigonemes. In fact, as noted by previous workers, mastigonemes are generally stiff in appearance, as are other intracellular microtubular systems. It would seem, therefore, from the available evidence on their morphology and their intracellular origin, that mastigonemes can be considered as an additional class of stable microtubules. The intracisternal occurrence of the microtubules of presumptive mastigonemes appears to be unique among microtubular systems. However, suggestions of an external association of microtubules with ER cisternae have been obtained in other organisms as well as in Fucus and Ascophyllum. In dividing cells of higher plants, both the preprophase band of microtubules (Burgess and Northcote, 1967 ) and the mitotic-spindle microtubules (Pickett-Heaps and Northcote, 1966) are found adjacent to cisternae of smooth ER. Likewise, in Fucus and Ascophyllum, the band of cytoplasmic microtubules appears initially (before the full complement of microtubules is present) to be associated with a cisterna whose lateral margins not do exceed the width of the band (Fig. 2) . The significance of these associations is unknown, but a transport of microtubule precursors to assembly sites appears to be required in some cells (e.g. Jenkins, 1967) , and the ER cisterna is apparently well suited for transport (Porter, 1961) .
On the basis of continuity of the nuclear envelope with chloroplast ER and the indirect involvement of Golgi bodies, it has been suggested that a structural channeling system for transport of metabolites might be present in brown algae (Bouck, 1965) . This continuous cisternal region might serve as an assembly site as well (for mastigonemes) under appropriate biochemical conditions. In cells of the Chrysophyte, Ochromonas, which are endowed with a similar structural system , "short, hollow fibrils" 160-200 A in diameter have also been reported within the nuclear envelope . Gibbs' report would seem to support the present findings in brown algae, although no demonstration that the fibrils have any relation to flagellar mastigonemes of Ochromonas (Manton, 1952 ) has yet been recorded. Sac-confined microtubules have also been described in some mastigoneme-bearing fungi, but here also their possible relationship to mastigonemes seems to have been overlooked (Fuller, 1966 , and subsequent remarks of Greenwood). However, Manton, Rayns, and Ettl have reported in the green flagellate Heteromastix that flagellar hairs and scales may be found in what appear to be Golgi-derived cisternae.
The transport of presumptive mastigonemes from the cytoplasm to their ultimate site of flagellar attachment has not been directly observed. However, the mastigoneme must find its way extracellularly to a site on the anterior flagellum. The specificity of attachment implies a differentiated plasma membrane, and it thus appears unlikely FIGURE 12 Isolated, negatively stained mastigonemes from A. nodosum. Most of the terminal filaments have been lost in this preparation, but differentiation into basal and microtubular regions is evident. The tapering basal region appears to consist of globular subunits with no discernible orientation. Overlapping microtubular regions from different mastigonemes illustrate transparency of the tubule. Small fragments of flagellar membrane can be seen attached to some mastigonemes (arrow). X 170,000.
FIGURES 13 and 14 A comparison of a longitudinal view (Fig. 13 ) of negatively stained mastigoneme with a fixed, positively stained section (Fig. 14) of mastigoneme microtubule from Ascophyllum nodosum. Both micrographs are at the same magnification. Evidence for a lumen is clear from both preparations. X 341,000.
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THE JOURNAL OF CELL BIOLOGY VOLUME 40, 1969 that the plasma membrane is formed as a passive response to pressure from the developing axoneme, but that it must be constructed with precise recognition sites for mastigonemes. This specificity is built into the plasma membrane of only the anterior flagellum. Little can be said of the release and attachment mechanism for mastigonemes; but, whereas free mastigonemes might be released externally and "swim" to their ultimate attachment site in the relatively restricted environment of the Fucoid antheridium, difficulties in retaining extruded hairs would be expected in other dividing or regenerating systems not so enclosed. The general question of mastigoneme transport and attachment is similar to the problem posed by the Golgi-derived surface scales of some Chrysomonads (Manton, 1967) . These scales are fully formed within the Golgi vacuoles and are then extruded and laid down outside the cell in a very regular geometric pattern. The mechanisms responsible for orienting the scales in this precise manner are unknown, but it does seem unlikely that in these free-living organisms there would be a massive discharge of these scales into the medium and subsequent attachment at the cell surface. More probably in phenomena of this kind, the extruded appendage maintains a tenuous contact with the organism and flows along the cell surface to its ultimate site of attachment.
It is difficult to imagine that the structural complex of the mastigoneme is without functional significance. A passive role for mastigonemes, based, in part, on the ability of these hairs to move in only a limited fashion, has been proposed (Jahn, Landman, and Fonseca, 1964) and supported by direct observation (Leedale in Holwill, 1966) . Such a mechanism would require a relatively rigid connection between hairs and the flagellum, and might be feasible if the hairs were attached to the axonemes. Yet, such a connection could not be demonstrated in the present study, as mastigoneme in Fucus and Ascophyllum appears to be entirely superficial. One alternative explanation might propose that the necessary rigidity could be achieved by interlocking mastigoneme bases (e.g., Fig. 8 and Bradley, 1966) , but such interlocking bases were not evident in negatively stained, whole flagella, and their image in sections may be the result of overlapping separate bases. A second alternative might be that mastigonemes are activelyinvolved in cell movements; their similarity to other microtubular systems intimately associated with cell movements (Ledbetter and Porter, 1963) would favor such a hypothesis. Unfortunately, despite the obvious biochemical similarities between microtubular proteins and other contractile proteins (Renaud, Rowe, and Gibbons, 1968) , how microtubular systems operate in living cells is still largely conjecture. Thus, any theory on the function of these structures which is based on active movement must await a more detailed biochemical knowledge of mastigonemes in particular and of microtubular systems in general.
This study was supported by United States Public Health Service Grant No. GM11100
Received for publication 24 July 1968, and in revised form 15 September 1968. 
